Orbital domain state and finite size scaling in ferromagnetic insulating manganites 
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55 Mn and 139 La NMR measurements on a high quality single crystal of ferromagnetic (FM) 
Lao.8oCao.2oMn03 demonstrate the formation of localized Mn 3+,4+ states below 70 K, accompa- 
nied with strong anomalous increase of certain FM neutron Bragg peaks. 55 ' 139 (1/Ti) spin-lattice 
relaxation rates diverge on approaching this temperature from below, signalling a genuine phase 
transition at T tr — 70 K. The increased local magnetic anisotropy of the low temperature phase, 
the cooling-rate dependence of the Bragg peaks, and the observed finite size scaling of Tt r with Ca 
(hole) doping, are suggestive of freezing into an orbital domain state, precursor to a phase transition 
into an inhomogeneous orbitally ordered state embodying hole-rich walls. 

PACS numbers: 75.70.Pa., 76.20.+q, 75.30.Et, 75.60.Ch 
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Understanding the electronic properties of colossal 
magnetoresistive manganites has been a challenging sub- 
ject for both experimentalists and theorists, ever since 
their discovery almost 50 years ago. There are clearly two 
types of dominant ground states in these compounds: In 
Lai-^CaajMnOs (LCMO) for example, the ground state 
is ferromagnetic and metallic (FMM) for 0.2 < x < 0.5, 
and antiferromagnetic insulating for x > 0.5. The es- 
tablishment of the FMM phase was initially attributed 
to the double exchange (DE) interaction Q, i.e. ferro- 
magnetism via the strong Hund's coupling between hop- 
ping e g electrons at neighbouring Mn 4+,3+ sites. How- 
ever, the detection of FM insulating (FMI) g and AFM 
metallic || phases in certain manganites indicates that 
DE is inadequate for the full description of the magnetic 
and transport properties in these systems. According 
to recent theoretical ||, [|, |j and experimental results 
f7|, orbital ordering (OO) is an important factor con- 
troling the e g -hole mobility. A characteristic example 
is Lai-zSr^MnOs (LSMO), where in the doping range 
0.1 < x < 0.15 a FMM to FMI transition takes place at 
low temperatures 0]. Experiments have shown that 
this transition is associated with charge ordering, OO, 
and strong reduction of the cooperative Jahn- Teller (JT) 
lattice distortions in the low-T phase (|, 0, [u^. It has 
been also proposed that the OO phase might contain 
hole-rich layers |t], [ll], which sets the question of stripe 
formation into the FMI phase || [l^] . 

A similar transition has been observed in LCMO for 
0.125 < x < 0.2, at T tr w 70 - 100 Kljlf, J3. However, 
the characteristic resistivity upturn Jl5|, \L& |i"7| , which 
marks the onset of the FMI phase is observed at tem- 
peratures sufficiently higher than T tr . Experiments show 
that the resistivity upturn is associated with a diffuse 
structural transition, characterised by strong reduction 
of the orthorhombicity Jl3[ , and a remarkable rotation 
of the easy magnetization axis [[l7|. These characteris- 
tics are considered as the hallmark of orbital rearrange- 



ments that take place on cooling. At the same time, a 
number of peculiar features are observed, which are rem- 
iniscent of glassy freezing iQ especially in the doping 
region 0.17 < x < 0.2: (i) a steep decrease and frequency 
dependence of the ac susceptibility at low temperatures 
[jl6| . [I?], [h| , (ii) strong difference between the field cooled 
(FC) and zero field cooled (ZFC) magnetization in low 
fields 0, II, f|| f|, (iii) the wipe-out of the NMR sig- 
nal, which has been attributed to ultra-slow fluctuations 
of the electronic spin, charge, or orbital degrees of free- 
dom Q |l|, ||, II, On the other hand, the sharp, 
cooling-rate dependent increase of the FM Bragg peaks 
Jl3t below T tr , and the sudden slope-change in both the 
ZFC and FC branches of the magnetization at the same 
temperature JT^ , |T^ , 21 , indicate rather nonequilibrium 
phenomena and quasinonergodicity ("freezing") on cool- 
ing, than a reentrant spin-glass transition. It is the com- 
petition between critical slowing down and spin freezing 
that makes characterization of the spin and orbital dy- 
namics in this system a nontrivial task. 

In this paper we shed light on this intringuing freez- 
ing mechanism by using 139 La and 55 Mn NMR in com- 
parison with recent neutron scattering measurements, 
performed on the same high quality single crystal of 
Lao. 8 Cao.2Mn0 3 . This system exhibits a PM-to-FM 
transition at T c w 180 K, and resistivity upturn at w 150 
K. We provide clear evidence about a novel thermody- 
namic phase transition occuring at T tr ~ 70 K. The 
high magnetic anisotropy of the low temperature FMI 
phase and the finite size scaling of T tr upon increas- 
ing hole-doping, are indicative of an inhomogeneous OO 
state with hole-stripes below 70 K, while the spin-freezing 
features may arise from the formation of an indermedi- 
ate FMI orbital domain state at nanometer length scale. 
This state creates partial magnetic disorder at orbital do- 
main boundaries, while the establishment of long range 
OO below T tr gives rise to full magnetic ordering, as de- 
duced from the neutron scattering experiments p3|. 
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FIG. 1: 55 Mn NMR spectra of LCMO x = 0.20, at various 
temperatures. 



Zero external field 139 La and 55 Mn NMR measure- 
ments were acquired by applying a two pulse spin-echo 
technique, at very low rf power level, due to the very 
strong rf enhancement that characterizes FM materials 
|f27f . T\ was then measured at the peak of the spectra, 
by applying a saturation recovery technique and by fit- 
ting with a multiexponcntial recovery law as in previous 
works [ p2[ . Rf enhancement experiments were performed 
by recording the NMR signal intensity / as a function of 
the level of the applied rf field H\. In general, the ob- 
tained curves follow an asymmetric bell-shaped law with 
maximum at wjHit = 2n/3, which allows the calcula- 
tion of the rf enhancement factor n ^7j. The neutron 
scattering data have been recently reported in ref. [0. 

Figure |l| exhibits 55 Mn line shape measurements at 
various temperatures. The maximum signal was obtained 
for Hi || c-axis, which means that the hyperfine field H^t 
is lying on the ab plane. A similar result was obtained 
in 139 La NMR in agreement with previous experiments 
on low doped LSMO §8|. For T > 70K spectra consist 
of a broad single-peaked line at frequency « 375 MHz, 
which according to the literature corresponds to delocal- 
ized Mn states [Q). However, for T < 70K new peaks 
increase rapidly on cooling, which correspond to localized 
Mn 4+ states (the narrow peak at « 320 MHz) and Mn 3+ 
states (the broad peak at w 420 MHz) Q). At exactly 
the same temperature a sharp increase of the intensity 
of certain ferromagnetic Bragg peaks (Figure is ob- 



served on cooling, which implies that the appearance of 
the localized Mn 3+,4+ NMR peaks is associated with bet- 
ter ordering of the Mn spins. The intensity of these Bragg 
peaks depends on the cooling rate as recently reported in 
ref. |jl3). The rapid increase of the NMR signal from lo- 
calized electron states below 70 K is also clearly deduced 
from the 139 La rf enhancement experiments of Figure |^a. 
For T > 70 K only a broad peak with maximum at 0.3 
Gauss is present in the / vs. Hi curves. However, below 
70 K a second peak at « 2 Gauss appears, which in- 
creases rapidly by decreasing temperature. Comparison 
with Figure |l| implies that this second peak corresponds 
to localized Mn 3+:4+ states, whereas the 0.3 Gauss peak 
to delocalized Mn states. There are two possible expla- 
nations for the different rf enhancement factors of the 
FMI and FMM signals: (i) the OO FMI matrix phase 
has higher local magnetic anisotropy (smaller response 
to the applied rf power level) than the orbitally disor- 
der FMM minority phase [^l] , (ii) the system consists of 
hole-rich FMM domain- walls separating FMI domains. 
The second argument is based on the fact that the rf 
enhancement n « 3 ■ 10 3 from the FMM regions is suf- 
ficiently higher than the FMI n » 2 • 10 2 , as expected 
for FM domain- walls in comparison to FM domains [^7) . 
Finite size scaling arguments given below, are in favour 
of the second explanation. 

Figure || shows 55,139 (1/Ti) measurements as a func- 
tion of temperature. In case of 55 (1/Ti) measurements 
were performed on the M 4+ peak and the central FMM 
peak, whereas in case of 139 (l/Ti) measurements were 
obtained at rf power levels 0.3 Gauss and 2 Gauss, which 
correspond to delocalized and localized Mn 3+,4+ states, 
respectively. The similar temperature dependence of the 
corresponding 55 > 139 1/Ji curves is a proof of the correct 
assignement of the 139 La NMR signals. The crucial point 
in Figures ga,b is that both 55,139-^ from Mn 3 +- 4 + ions 
are diverging on approaching 70K from below. Such a be- 
haviour is indicative of critical relaxation enhancement 
on appoaching the phase transition temperature. In a 
previous work on a series of powder samples the diver- 
gence of 1/Ti was not observed |p2f , probably due to 
inaccurate irradiation conditions in non-oriented powder 
samples. In contrast, the FMM l/Ti is insensitive to the 
phase transition while crossing T tr . The hump at ~ 20K 
on FMM 55 (1/Ti) is probably due to partial signal contri- 
bution at ~ 375 MHz from localized Mn 3+ states, which 
induce a broad inhomogeneous signal extending down to 
w 350 MHz @, At temperatures higher than 70K, 
where the FMI signal is completely wiped out [^2| p3[ , 
1/Ti reflects solely the dynamics of the FMM states. 

The inset in Figure |a shows 139 (l/Ti) as a function 
of doping obtained in powder LCMO samples at T = 10 
K. It is observed that in the pure FMM part of the phase 
diagram (x > 0.25), 1/Ti is almost three orders of mag- 
nitude lower than in the pure FMI part (x < 0.15). It 
is thus remarkable that for x — 0.20 no clear distinc- 
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FIG. 2: (a) 139 La NMR signal intensity as a function of the 
rf field Hi for LCMO x — 0.20, at various temperatures, (b) 
The rf field Hi, ma i of maximum signal intensity as a function 
of temperature (o), together with the integrated intensity of 
the (110) (or (002)) Bragg peaks vs. temperature (• ), from 
ref. O. 



tion in the 1/Ti values from FMI and FMM states is 
observed at low temperatures, while 1/Ti's become par- 
ticularly different on approaching T tr from below. In a 
recent neutron scattering study (performed on the same 
x = 0.20 crystal as here) |2(| two different FM media 
were detected, which coexist dynamically in the tem- 
perature range T tr < T < T c , and are stabilized into a 
periodically arranged collective state below T tr . Hence, 
at low temperatures the system appears to consist of a 
regular arrangement of OO domains with a uniform re- 
laxation mechanism. In order to envisage how such an 
orbital domain state could be created, we consider the 
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SI 



idea of the random field Ising model 1 30 
random field mimics the lattice distortions induced by 
substitution with Ca ions. By taking into account only 
the isospin T = 1/2 degree of freedom, which describes 
the twofold e g orbital degeneracy ||] , it can be shown 
that in strong random fields an intermediate orbital do- 
main state may be realized on cooling |52|, |33|, |34| . This 
state is metastable exhibiting anomalous slow relaxation 
with logarithmic time dependence |55|, ||(| and strong 
difference in the orbital and spin ordering between the 
ZFC and FC branches p2|. The observed cooling rate 
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FIG. 3: (a) 139 (l/Ti) of LCMO x = 0.20, as a function of 
temperature. The inset shows 139 (l/Ti) of powder LCMO 
samples, as a function of Ca doping at T = 10 K and rf level 
2 Gauss. The arrow indicates the value for the x = 0.20 
single crystal, (b) (1/Ti) of Lao.soCao.2oMn03 as a function 
of temperature. 



dependence of the FM Bragg peak intensity below T tr 
is attributed to nucleation or rearrangement of orbital 
domains and domain walls, which is connected with the 
large reduction of orthorhombicity upon cooling [|l3| . We 
also note that in case that neighboring orbital domains 
are arranged in antiphase, stripe-like orbital walls will be 
formed, where holes are energetically favorable to con- 
centrat e [|12| , in agreement with the neutron measure- 
ments [p6| . By increasing hole-doping the number of 
walls will increase Jl2|], whereas above a critical doping 
x c the OO phase is expected to be supressed |37], [38| . 
Indeed, such doping induced finite size scaling effects are 
experimentally suggested. Figure |1| shows T tr vs. dop- 
ing x, obtained from NMR and magnetic measurements 
in a series of LCMO powder samples. The experimen- 
tal data for 0.1 < x < 0.25 are nicely fitted by the ex- 
pression T tr {x) = T* r {l - (x/x c ) n ), where T* r = 110 
K, x c = 0.28, and n — 2. Such a power-law depen- 
dence is expected from finite size scaling theory |38| , 
which predicts that the effective T tr is limited by the 
finite size L of the domains according to the formula, 
T tr (L) = T tr (oo)(l - (L)- 1 /"). The above equations are 
consistent with L(x) = l/x nl/ , which is determined as 
evidence about the formation of walls separating orbital 
domains. We also notice that in mean-field approxima- 
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FIG. 4: Ttr for LCMO vs. doping x. Experimental points 
were obtained by NMR (•) and magnetic measurements (o). 
The solid line is theoretical fit as described in the text. 



tion v = 1/2, so that L(x) — 1/x, which indicates that 
the wall width is independent of x in accordance with 
theoretical predictions ]l2[| . 

In summary, NMR in conjunction with recent neu- 
tron scattering experiments on a single crystalline LCMO 
x = 0.20, indicate the presence of a novel phase transi- 
tion from a high temperature orbital domain state to a 
low temperature state of arranged orbital domains. Al- 
though no direct evidence for stripe formation is claimed 
here, the difference in the rf enhancement between the 
FMM and the FMI phases, and the finite size scaling 
effects on the transition temperature T tr , suggest that 
the formation of the domain state and the orbital and 
spin freezing effects are possibly associated with the for- 
mation of hole stripes. By assigning the e g orbital de- 
gree of freedom to an isospin, there is a complete anal- 
ogy between the OO phase in manganites and the low 
temperature hole-striped phase in cuprates and nickc- 
lates j}8| |3p. This is probably due to the similar com- 
petitive spin (isospin) ordering under quenched disorder 
fiof in the layered (2D) structures. We notice the im- 
pressive similarity between our NMR results in LCMO 
x = 0.20, and the 139 La NMR in the stripe-ordered nick- 
elate La 5 / 3 Sr 1 / 3 Ni04 [41] . Clearly, further investigations 
of the orbital and spin dynamics in lightly doped man- 
ganites will be particularly helpful in understanding the 
way that holes are self-assembled - apparently in stripes 
- in these systems. 
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